A method is presented for the purification of mRNAs and the identification of structural gene sequences in recombinant DNA molecules. RNA is hybridized to double-stranded linear DNA such that R-loops are formed between most DNAs and their complementary RNA sequences. These R-loops are purified from unhybridized RNAs by gel filtration chromatography in the presence of a high concentration of salt. The complementary RNAs are released from the R-loops by heating, and are assayed by gel electrophoresis or cell free translation to determine their purity and to identify the proteins for which they code. We have demonstrated that recombinant DNAs containing sequences for abundant or moderately abundant mRNAs of Saccharomyces cerevisiae can be identified by this means.
INTRODUCTION
Recent advances in nucleic acid technology have greatly aided our understanding of the organization and expression of eukaryotic DNA. A number of findings have resulted from detailed studies on viral DNA and cloned segments of eukaryotic DNA. These studies have employed methods which sensitively monitor the ge.nes or gene products of the DNA under study. The presence of a gene, or a portion thereof, can be examined genetically by assessing the ability of purified DNA molecules to complement viral or cellular mutations (1) (2) (3) . A biochemical approach, initially introduced by Gillespie and Spiegelman (4) , involves fixation of the purified DNA to a solid support and subsequent hybridization of the DNA with radioactive RNA (or radioactive DNA transcribed from RNA) isolated from the cell or cells of interest. If the radioactive probe is well characterized and highly purified, successful hybridization to the DNA is usually sufficient to demonstrate sequence homology between the nucleic acid probe and the fixed DNA. If the probe is not homogeneous, unambiguous identification of the eukaryotic DNA requires further characterization of the hybridized radioactive nucleic acid. This is usually accomplished C) Information Retrieval Limited 1 Falconberg Court London Wl V 5FG England Volume 6 Number 7 1979 by elution of the hybridized RNA from the DNA-solid support and subsequent analysis of the RNA by acrylamide gel electrophoresis, cell-free translation, or some other technique with which it can be identified. Recently, Paterson et al., (5) , and Hastie and Held (6) independently published a method which introduces some improvements on previously available procedures for identifying the coding seajiences present in viral or recombinant DNA molecules. With this method, there is no fixation of the DNA to a solid support; hybridization of DNA to mRNA is performed in liquid. Since the mRNAs in duplexes are poorly translated in cell-free systems, the ability of a particular DNA species to arrest the translation of specific mRNAs implies complementarity between the DNA and the arrested mRNAs. While this method is of great utility for the analysis of DNAs complementarity to purified or abundant mRNAs, it is somewhat more difficult to detect complementarity to moderately abundant or rare mRNA species whose translation products are not easily detectable. To permit an analysis of complex mRNA populations, we have developed a general method which can detect complementarity between DNA and relatively rare mRNA species. The method exploits the recent and striking observation that RNA/DNA duplexes are more stable than the corresponding DNA/DNA duplexes in the presence of high concentrations of formamide (7) (8) (9) . Under the appropriate conditions double-stranded DNA molecules hybridize with complementary RNA to form "Rloops". The small fraction of the mRNA present in R-loops can be fractionated on the basis of the physical characteristics of double-stranded DNA and is readily separated from the unhybridized mRNA by gel filtration chromatography. The hybridized mRNA can thus be assayed without the presence of a large background of unhybridized mRNAs. Consequently, complementarity between mRNAs and recombinant DNA can be detected even when these mRNAs -or their protein products -are not readily visible after a one-dimensional fractionation of the total mRNA population. More Cell-Free Translation. RNA samples, including those purified as described above, were translated in a wheat germ extract (15) containing 35S methionine as described by Paterson et al. (5) . Often, no stimulation of protein synthesis above endogenous levels was seen with RNA from the excluded fractions of the column since very small quantities of individual mRNAs are present.
Gel Electrophoresis. The products of cell free translation were analyzed by electrophoresis on SDS slab gels containing a linear 10% to 15% gradient of polyacrylamide (16) stabilized by a 5-25% (wt/vol) sucrose gradient. In general, only 10-20% of the included fraction translation product was applied to a lane in order to permit a side-by-side comparison of excluded and included RNA. Two dimensional gels for the analysis of yeast ribosomal proteins were run as described by Gorenstein and Warner (17) . All protein gels were subjected to fluorography (18) .
[32p] labelled yeast RNAs, unlabelled silk fibroin mRNA and yeast RNA were analyzed on SDS-urea gels containing a linear 2.5-5% gradient of polyacrylamide (19) . Double-stranded DNA restriction fragments were electrophoresed at 3 V/cm for 16 hours on 1% agarose gels (20) .
Biohazard Considerations. All plasmids containing yeast or Drosophila DNA segments were propagated under P2 EK1 contaimnent, in compliance with NIH guidelines for recombinant DNA research.
RESULTS
Many of the hydrodynamic properties of linear recombinant DNA containing R-loops are similar to those of DNA without R-loops and are markedly different from those of single-stranded RNA (21) . In particular, double-stranded DNA, with or without R-loops, has a relatively extended conformation in the presence of high ionic strength while single-stranded RNA has a relatively compact conformation under these same conditions. We have exploited these physical properties to separate DNA molecules, including those containing R-loops, from unhybridized RNA by gel filtration chromatography. A gel filtration column demonstrating such a separation is shown in Figure 1 .
Linear pMB9 DNA (5. Figure 2 . A distinct RNA profile is obtained when either DNA is used in the hybridization (lanes 2, 3) . The RNA species purified with these two DNAs (noted A and B in Figure 2 ) are distinct from ribosomal RNA and ) . In all cases there is a small amount of radioactive material in the high molecular weight region of the gel. The source of this material is not known but is presumably due to high molecular weight nucleic acid (like fibroin mRNA in Figure 1 ) which is not well separated from the plasmid DNA by the column chromatography. However, only a small number of discrete RNA species, specific for individual recombinant DNA molecules, are located in the excluded volume of the agarose column. The same recombinant DNAs have been hybridized to non-radioactive yeast RNA. The RNA found in the excluded volume was assayed by cell-free protein synthesis and subsequent analysis of the protein products ( Figure 3 ). pY3-83 DNA hybridizes to messenger RNA which codes for two polypeptides of molecular weight 51,000 daltons and 48,000 daltons (lane 1, peptides b and c). It is not known whether a single species of mRNA codes for these two proteins or whether they are products of two separate mRNAs. The latter possibility would imply that the mRNA profile in Figure 2 , lane 2 is due to more than one mRNA. pYll-10 DNA codes for a single polypeptide of approximately 63,000 daltons (lane 5 and unpublished results). The molecular weights of the 3-83 proteins and the protein are consistent with the data in Figure 2 which suggest that the sizes of the mRNAs are somewhat less than and somewhat greater than 2000 nucleotides, respectively. No discrete yeast mRNA is found in the excluded volume of the column when pMB9 DNA, Drosophila DNA or no DNA (data not shown) are incubated with yeast RNA.
Two independent lines of evidence argue that under these conditions, the hybridization goes to completion, or nearly so. Relatively little mRNA is available during a second round of hybridization of the RNA in the included volume with pY3-83 DNA (compare lanes 3 and 1 of Figure 3 ). The presence of translationally active mRNA in the included volumes (lanes 4 and 6) and the availability of a specific mRNA during a second round of hybridization with a different recombinant DNA (11-10, lane 5) argue that most or all of the mRNA survives two rounds of the entire procedure intact. Therefore, the results shown in lanes 3 and 1 of Figure 3 indicate that most or all of the 3-83 mRNA is found in the excluded volume after one round of hybridization with pY3-83 DNA.
A second indication that the hybridization goes to completion is shown Lane 2 demonstrates that the mRNA in the excluded volume is largely unavailable to the translational apparatus in the absence of heating and presumably remains hybridized to the DNA, even after ethanol precipitation. Heating of the re-dissolved RNA and DNA is necessary to permit subsequent synthesis of the appropriate polypeptides (lane 1). This is consistent with previously published data on hybrid-arrested translation (5) . The nature of the polypeptides synthesized in the absence of heat melting the R-loops has not been further investigated (lane 2).
V!e have employed this method to screen a large number of recombinant DNA molecules for the mRNAs with which they share sequence homology. Because of the relatively low background which this technique provides, one can detect mRNAs which do not yield strong protein bands on in vitro translation ( Figure  4) . A pool of four recombinant DNA molecules, all considered possible candidates for containing yeast ribosomal protein gene sequences, were hybridized to yeast poly(A)-RNA and analyzed as described above. At least seven polypeptides result from the translation of the RNA found in the excluded volume. While two of these peptides correspond to major protein products visible in the translation of total yeast RNA, five protein bands are relatively faint. These bands are not visible upon examination of a one-dimensional analysis of the translation products of total yeast RNA and therefore may correspond to polypeptides synthesized from non-abundant mRNAs.
The protein products resulting from the hybridization and fractionation of two such pooled DNA samples (a total of eight different recombinant DNA molecules including the 4 used in Figure 4 ) were analyzed on a two-dimensional gel system which has been shown to resolve most of the yeast ribosomal proteins (17) (Figure 5 ). Several protein spots were unambiguously resolved ( Figure 5 ). One of these spots comigrated precisely with the yeast ribosomal protein no. 52 (17) (Figure 5, upper arrow) . It follows that at least one of these eight plasmids shares some sequence homology with a ribosomal protein mRNA. The identification and analysis of recombinant DNA molecules containing yeast ribosomal protein genes will be the subject of a subsequent report (Woolford, et Three micrograms of yeast poly(A) terminated mRNA were hybridized in one reaction to a pool of three micrograms each of four hybrid plasmid DNAs, and chromatographed as described in Materials and Methods. RNA from the excluded a §g included volumes was translated in a cell-free system, and the resultant
[ S] labelled polypeptides were electrophoresed on a 15% polyacrylamide SDS gel, which was fluorographed for three days as described in Figure 2 . does not comigrate with any stained ribosomal proteins (lower arrow), but has been shown to comigrate in a number of gel electrophoresis systems with one of the yeast histones. The identification and analysis of recombinant DNA molecules containing yeast histone genes will also be the subject of a subsequent report (Hereford, et (17) , which was subjected to fluorography for one week. The spots are bifurcated due to cracking of the gel during drying.
Discussion
The method described in this communication includes an incubation in 70% formamide during which time R-loops form between recombinant DNA and mRNAs which share sequence homology. Because the rate of R-loop formation is a sensitive function of incubation temperature (8, 25) (8, 25) . Since the RNA is routinely assayed after gel filtration chromatography, the R-loops which form must remain largely intact for several hours at room temperature and in aqueous buffers at high ionic strength, consistent with previously published data (8) . Although we have observed by electron microscopy large numbers of R-loops in the excluded volume of the agarose column (unpublished observations), the size of these R-loops has not been measured. Consequently, we cannot exclude the possibility that some partial strand displacement of many or all of the molecules may have taken place after transfer of the R-loops to the aqueous buffer.
The minimum length of homology between DNA and RNA necessary to fractionate the RNA into the excluded volume of the agarose column is not known.
It is the case, however, that an adenovirus DNA restriction fragment (BamHl B) containing the leader sequences (23, 24) fractionates all of the appropriate adenovirus mRNAs into the excluded volume of the agarose column (R. Ricciardi and B. Roberts, personal communication). Since this DNA contains approximately 215 base pairs of homology with the late adenovirus mRNAs, (23, 24) , the minimum required length of homology must be less than this value. With regions of homology of less than 100 bases, it is likely that successful fractionation will depend on the precise characteristics of the sequence as well as a more careful definition of the hybridization and chromatography conditions.
It is important to assess the yield and purification of specific mRNAs that this R-loop procedure provides. The translation data suggest that all, or nearly all, of the complementary mRNA forms R-loops and is present in the excluded volume indicating that the yield is close to 100% (Figure 3) . The purification is therefore a function of the initial mRNA abundance and the amount of contaminating mRNA present in the excluded volume. This contamination is relatively minor and manifest by a series of faint bands in the translation products of the RNA found in the excluded volume. This pattern of bands often, but not always, corresponds to the major polypeptide pattern visible in the translation of unfractionated RNA (Figure 3, lane 8) or of RNA in the included volume ( Figure 3, lanes 4,6) . The contamination is therefore difficult to interpret as well as to measure accurately. From densitometer tracings of the data in Figure 2 it can be estimated that the mRNAs have been purified at least 100-fold relative to ribosomal RNA. The absence of the translation products coded for by major mRNAs in Figure 4 , lane 2, and many similar experiments in this laboratory indicate that mRNAs are routinely purified 100-1000 fold relative to non-complementary mRNAs.
The yield and purification of specific mRNAs is related to the concentration of an individual mRNA, as a percentage of the total mRNA (its abundance), which can be detected by this procedure. The protein products of these mRNAs are detectable on one-dimensional acrylamide gels when these products are not visible in the translation of unfractionated mRNA ( Figure  4 ). The translation products of several ribosomal protein mRNAs are also detectable on two-dimensional acrylamide gels ( Figure 5 , and unpublished results). In addition, B globin is detectable by this assay when five nanograms of globin mRNA is mixed with five micrograms of yeast mRNA, and hybridized to the B globin cDNA plasmid pBGl (J. Woolford, unpublished results). This reconstructed value of 0.1% of the total mRNA is the approximate level of moderately abundant mRNAs and is likely to be the approximate level of ribosomal protein mRNAs (14) . It 
